Traditional beamforming and power control algo-rithms in cognitive radio (CR) 
Introduction
COGNITIVE radio (CR), as a promising technology to enhancing the utilization efficiency of the scarce radio spectrum, has attracted tremendous interests recently. A key feature of the CR network is to allow a secondary user (SU) to simultaneously share a licensed spectrum as long as the secondary transmission does not interfere with the primary link. As a result, the challenge of the CR network is to protect the primary users (PUs) from harmful interference induced by the SUs as well as to meet the quality of service (QoS) demands of SUs [1] .
Cognitive beamforming and power control, as an effective interference suppression technology, has been widely used in CR from different aspects [2] [3] [4] . All these work are based on the assumption of perfect channel knowlege. However, in practical systems, perfect CSI is difficult to obtain due to the loose cooperation between PUs and SUs, as well as many other factors such as inaccurate channel estimation, limited feedback or lack of channel reciprocity. The worst-case approach has been used to design robust power for SUs in a multiple-input single-output (MISO) CR system [5, 6] . In [5] , the software assisted method and a geometric method were considered for single SU and single PU to find suboptimal solution for the certainty and uncertainty models. A bounded region for channel matrices and channel covariance matrices was assumed to be known in [6] . The authors used a type of ellipsoid uncertainty problem to express the bound channel uncertainty.
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Copyright ⓒ 2015 SERSC For more SUs or PUs, [7] made some approximations for the uncertainty channel model between SUs and PUs. In [8] , the worst-case of uncertainty was considered and the initially non-convex uncertainty problems are transformed into a second order cone programming (SOCP) or other convex problems, which can be solved by software. In [9] , a linear precoder design scheme based on the minimum mean square error (MMSE) criteria for a CR multi-input multi-output (MIMO) system was presented. The proposed scheme, with the consideration of both cooperative feedback from PUs and local feedback from SUs to the secondary base station (SBS), is robust to the channel uncertainties. Robust distributed power allocation algorithm for underlay CR networks was proposed in [10] ,which maximizes the sum utility of SUs when channel gains from SUs to primary base station (PBS) and interference introduced by PUs to the SBS are uncertain. In [11] , the authors studied the problem of joint beamforming and power allocation in a cognitive MIMO system using game theory, where the imperfect CSI was taken into account by the robust interference constraint and the optimization problem in the formulated robust game is converted into a SOCP problem.
Inspired by the aforementioned work, in this paper, we consider the problem of joint beamforming and power control for underlay CR via game theory under imperfect CSI, where multiple SUs coexisting with multiple PUs. The objective is to maximize the sum utility of SUs under the interference power constraints at PUs, the total transmission power constraint of SUs, and SINR constraint of each SU. The joint problem is formulated as non-cooperative game, and then an ellipsoid model is adopted to describe the CSI uncertainty. By taking some approximation, the problem is reformulated as a SOCP problem. Simulation results show that the effectiveness of our proposed scheme.
The reminder of this paper is organized as follows. In section II, the system mode of CR is introduced and the optimization problem under imperfect CSI is formulated. In section III, the problem of joint beamforming and power control is formulated as noncooperative game, and then the problem is transformed into a SOCP problem. In Section IV, numerical results are shown for our scheme. Finally, Section V draws some concluding remarks. 
System Model and Problem Formulation
As illustrated in Fig. 1 , we consider a cognitive network where a primary network consisting of a PBS and M Pus coexists with a secondary network with a SBS and K SUs. In the secondary network, SUs operate in the frequency band allocated to the PUs, thus the channels between the base stations and users are inherently interference channels. We 163 assume that SBS has t N antennas, PBS has a single antenna, and each SU and PU are equipped with only one antenna. For the sake of simplicity, we assume a block fading model for all channels. Let 
（2）
In the cognitive network, to guarantee the QoS requirements of s SU , the received SINR of each SU should be greater than a threshold
On the other hand, to enable the reliability of communi-cations of 
（4）
The achievable rate at k SU is given by
is the interference introduced by PUs.
To improve the system performance of the secondary net-work, we employ a joint beamforming and power allocation strategy to maximize the sum rate of SUs under the interference constraints at PUs, the total transmission power constraint of SUs, and the SINR constraint of each SU. The optimization problem can be formulated as follows
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（6）
However, in practice, the CSI between the SBS and the PU is often imperfect due to lack of cooperation. Under ellipsoid approximation [11] , the true channel coefficient gm can be written as 
Game under Imperfect CSI
Under the assumption of imperfect CSI between the SBS and PUs, in order to enable the SUs to share the spectrum with PUs, we should find appropriate power level and beamforming vectors to distribute them among the SUs so that the sum utility of SUs is maximized and the interference created to PUs is as low as possible. In this section, the problem of joint beamforming and power allocation under imperfect CSI will be described from the perspective of game theory.
Game-theoretic Formulation
Game theory is an effective tool to deal with the strategy choice and balancing among individuals who are of conflict interests. The players in a game with conflict interests will selfishly choose their own strategies to maximize their utilityfunctions. In CR network, SUs share the spectrum bands of PUs in a competitive way, which will inevitably interfere with each other [12] . Therefore, the problem of joint beam-forming and power 165 allocation is viewed as a non-cooperative game. Based on the system model described earlier, the non-cooperative game can be formulated as
and it has the following three major components. 1) Players: In this paper, players are SUs. A finite set of sensor nodes is denoted as
2) Strategic Space: The strategic space is defined by the beamforming strategies i f and power strategies i p of SUs. The joint strategy spaces are defined as
3) Utility Function: In this paper, A utility function of a player will assign numbers for every possible outcome in the game. In general, a higher number normally implies a more preferred outcome. The utility function can be designed based on the achievable rate, i.e.,
Second Order Cone Programming Solution
In this subsection, the optimization problem (9) is solved via a SOCP solution. As is known to all, the zero-forcing (ZF) scheme is a simple and efficient beamforming method which maximizes the sum utility by choosing appropriate k f [14] . Here, we adopt the ZF beamforming that transforms the broadcast channel into multi-parallel independent and orthog-onal sub-channels. The beamforming vectors are selected to satisfy
 denotes the beamforming matrix, one easy way to choose the beamforming matrix F that gives the zero interference is as follows [15] 
Based on (12) and (13), we can perform the power allocation for SUs and rewrite the optimization problem in (9) as , , ) ( . 
Numerical Results
In this section, simulation results are presented to evaluate the performance of the proposed scheme under Rayleigh flat fading channels. We assumed that the SBS has imperfect CSI from PU, and the sum utility achieved by a SOCP approximation algorithm is evaluated [11] . we consider the CR network with four SUs and two PUs, transmitter antennas . Fig. 2 depicts the sum utility of SUs with respect to iteration number. It can be observed that the sum utility of SUs decrease due to uncertainty parameter cm increases. And the convergence means that the game reaches an equilibrium state. , the CSI is perfect. Intuitively, there will be an optimal value of k p with the increase of transmission power constraint of SUs under imperfect CSI. We can observe that, compared to the perfect CSI, the sum utility under imperfect CSI is lower. What's more, as the value of the uncertainty parameter increasing, the sum utility of SUs becomes less, which is mainly caused by the CSI uncertainty. 
Conclusion
In this paper, the problem of joint beamforming and power control in underlay CR with multiple PUs and multiple SUs was studied. Imperfect CSI between the SBS and PUs was considered. The problem was formulated as non-cooperative game, and then an ellipsoid model was adopted to describe the CSI uncertainty. After making some approximations, the problem was reformulated as a SOCP problem. Simulation results shown that the proposed scheme converges to an equilibrium state. And the sum utilities of SUs were also presented to illustrate the performance of the secondary network under perfect and imperfect CSI.
